We study dissociative electron attachment to furan ͑FN͒ ͑C 4 H 4 O͒, tetrahydrofuran ͑THF͒ ͑C 4 H 8 O͒, and fructose ͑FRU͒ ͑C 6 H 12 O 6 ͒ using crossed electron/molecular beams experiments with mass spectrometric detection of the anions. We find that FN and THF are weak electron scavengers and subjected to dissociative electron attachment essentially in the energy range above 5.5 eV via core excited resonances. In striking contrast to that, FRU is very sensitive towards low energy electrons generating a variety of fragment ions via a pronounced low energy feature close to 0 eV. These reactions are associated with the degradation of the ring structure and demonstrate that THF cannot be used as surrogate to model deoxyribose in DNA with respect to the attack of electrons at subexcitation energies ͑Ͻ3 eV͒. The results support the picture that in DNA the sugar moiety itself is an active part in the initial molecular processes leading to single strand breaks.
INTRODUCTION
The cyclic compound tetrahydrofuran ͑THF͒ has been used to model the deoxyribose ring in DNA ͑Refs. 1 and 2͒ with respect to low energy electron interaction. Here we perform a comparative study of dissociative electron attachment ͑DEA͒ between the cyclic compounds furan ͑FN͒ and tetrahydrofuran ͑THF͒ with fructose as a typical representative of a sugar molecule ͑Fig. 1͒. The general interest in such a comparative study stems from current attempts to unravel the molecular mechanisms by which low energy electrons damage DNA. In the meantime it is well recognized that in radiation damage of biological material the interaction of secondary electrons ͑abundantly generated along the ionization track͒ plays an important role. [3] [4] [5] In that context, the intrinsic properties of the DNA building blocks are of fundamental interest. In the meantime, extensive studies have been performed on the DNA bases thymine ͑T͒, adenine ͑A͒ cytosine ͑C͒, and guanine ͑G͒ ͓including also the RNA base uracil ͑U͔͒, [6] [7] [8] [9] [10] [11] demonstrating the sensitivity of these compounds with respect to low energy electrons. It has been shown that hydrogen loss via DEA is an effective reaction in the energy range below the level of electronic excitation. In contrast to the DNA bases, there is so far less detailed information available on the sugar moiety, which in DNA connects the nucleobase with the phosphate group of the backbone. In DNA, the sugar unit is present in the form of deoxyribose, more precisely, as a five membered ring ͑furanose form͒ while in solution deoxyribose and ribose exist in an equilibrium between a linear form and two cyclic forms, namely, the six membered ring ͑pyranose form͒ and the five membered ring ͑furanose form͒. 12 Experimental and theoretical studies of gas phase D-ribose ͑C 5 H 10 O 5 ͒, on the other hand, revealed that the pyranose form of crystalline ribose is preserved in the evaporation process. 12 For FRU, there is so far no data available in the literature concerning low energy electron interaction. A previous study on deoxyribose revealed that it is subjected to intense DEA reactions already at energies close to 0 eV leading to the loss of H 2 O and further neutral molecules. 13 Accordingly, low energy DEA reactions were also reported for D-ribose. By using isotopically labeled compounds ͑D, 13 C͒, a remarkable site selectivity was found in the way that neutral units containing the 13 C5 atom are selectively excised from the molecule.
14 While a previous study on FN ͑obtained with an electron energy resolution of 0.3 eV͒ reported DEA reactions within a pronounced resonance located near 6 eV, 15 no data concerning DEA with gas phase THF are available.
EXPERIMENT
The experiments on FN and THF were performed within a coordinated study between the Innsbruck laboratory and the Berlin laboratory. The data on FRU have been obtained at the Innsbruck laboratory in the framework of exchange visits within the EU programs Cooperation in the Field of Science and Technical Research ͑COST͒ and Electron Induced Processing on a Molecular Level ͑EIPAM͒. Both laboratories use crossed electron/molecular beams with mass spectrometric detection of the generated ions. Solid samples can be sublimated by a temperature regulated oven which is connected to the reaction chamber. In the Innsbruck apparatus. 16 the electron beam is produced by an electrostatic hemispherical electron monochromator operated at an energy resolution of 110-130 meV. In the Berlin laboratory 17 the electron beam is generated from a trochoidal electron monochromator 18 operated at an energy resolution of 100-120 meV. In both devices the electron beam intersects orthogonally with the effusive molecular beam and the ions are extracted by a small electric field towards the entrance of a quadrupole mass spectrometer and detected using single pulse counting by a channeltron ͑Innsbruck͒ or a secondary electron multiplier ͑Berlin͒. The applied extraction field is below 0.5 V cm −1 in the Berlin laboratory ͑magnetically guided electron beam͒ and below 0.2 V cm −1 at the Innsbruck laboratory. In both cases the extraction field does not significantly deteriorate the energy resolution of the beam in the interaction region. The electron energy scale is calibrated by measuring the ion yields of SF 6 − /SF 6 or Cl − /CCl 4 both exhibiting a sharp resonance near 0 eV. All measurements were performed in the absence of the calibration gas in order to prevent ion-molecule reactions.
Both FN and THF are liquids under normal conditions with sufficient vapor pressure to generate a molecular beam. D-fructose is a crystalline substance which by heating to 90-100°C produces a noticeable increase of pressure in the range of ͑1-2͒ ϫ 10 −6 mbar ͑recorded by the ion gauge at one of the flanges͒. Since the shape of the observed ion yields does not change with temperature and also the relative intensity of the observed products was constant in the temperature range of 90-100°C, we suppose that the gaseous target only consists of intact FRU molecules. The substances were obtained from Sigma Aldrich with stated purities of 99+ % ͑FN͒, 99.9% ͑THF͒, and 99+ % ͑FRU͒. The liquids FN and THF were subjected to several freeze-pump-thaw cycles prior to use while FRU was used as delivered. The data obtained from FN and THF were in perfect agreement between the two laboratories. Data from FRU were only obtained in the Innsbruck laboratory.
RESULTS AND DISCUSSION
Figures 2-5 present the ion yield curves obtained from the three compounds under consideration. From the data it is immediately obvious that they respond very differently in low energy electron impact. Before discussing the DEA reactions in more detail we shall first address the more general features.
While FRU exhibits a variety of intense low energy DEA reactions close to 0 eV, FN possesses a pronounced which are considered to be located at lower energy. In DEA studies to gas phase methanol, e.g., the lowest energy resonance was identified at 6.2 eV. 19 From the thermodynamic point of view, FRU possesses very favorable DEA channels ͑which is not the case for FN and THF͒ as is immediately obvious from the thermodynamic properties 20 of the involved compounds collected in Table I .
For a DEA reaction generating two fragments,
͓M −# assigns the transient negative ion ͑TNI͒ formed by electron attachment͔, the appearance energy of the negative fragment X − can be expressed as
where D is the bond dissociation energy in the neutral system, EA͑X͒ the electron affinity of fragment X, and E * the total excess energy of the reaction due to the initial transition creating the transient anion at energy E * above the dissociation limit. The energy threshold for the DEA reaction ͑1͒ ͑the reaction enthalpy͒ is then
Equation ͑3a͒ is appropriate for a simple bond cleavage along the coordinate R -X. Most of the present DEA reactions are appreciably more complex and associated with multiple bond cleavages, electronic, and structural rearrangements associated with the formation of new bonds. In such cases it is more adequate to express the standard reaction enthalpy by means of the standard heats of formation ͑⌬H f o ͒ of the involved compounds. Equation ͑3a͒ is then equivalent to 
where ͒. This demonstrates that from the thermodynamic point of view the loss of two water units from fructose is exothermic even in the neutral system, but kinetically strongly hindered due to the presence of large activation barriers. Fructose can hence certainly be viewed as stable compound on a macroscopic time scale as many other compounds which are only kinetically stable. Obviously, this situation is dramatically changed by the presence of an electron. The electron affinity of the created fragment may then energetically further drive the reaction.
DEA is usually pictured as a two-step process, i.e., formation of a resonance, thereby accommodating an extra electron ͑of particular energy͒ into one of the virtual MOs ͑via a Franck-Condon transition͒ which then decomposes. 21 As mentioned above, one would rather expect low energy DEA processes in FN ͑due to the availability of * MOs͒ than in the saturated compound FRU. It has to be noted, however, that the energy of the first unoccupied MO in the neutral molecule cannot directly be correlated to the attachment energy ͑i.e., the energy of the transient anion͒. Low-lying * MOs ͑near 0 eV͒ are in fact well known for saturated halocarbons containing the larger halogen atoms Cl, Br, and I. [21] [22] [23] [24] [25] We may hence conclude, that the transient negative ion FRU −# either possesses low-lying * MOs ͑with respect to the vacuum level͒ or that the mechanism for DEA has to be described beyond the Born-Oppenheimer approximation and vertical Franck-Condon transitions. We further note that the energy of a transient negative ion cannot directly be calculated by standard quantum chemistry methods based on energy minimalization, since they represent discrete states embedded in the electron detachment continuum. Any minimalization procedure using large basis sets would ultimately accommodate the extra charge into diffuse and specially extended orbitals thereby approaching the energy of the neutral molecule. Such quasi-bound-states are, e.g., accessible through scattering calculations 26 or the R-matrix method.
1
Furan "FN… "C 4 H 4 O, 68 amu…
This compound generates several fragment anions appearing from a pronounced resonance located near 6 eV ͑Fig. 2͒ with the exact position slightly depending from the observation channel. The following fragment ions were observed: 67 amu ͑͑FN-H͒ − ͒, 49 amu ͑C 4 H − ͒, 41 amu ͑HCCO − ͒, 39 amu ͑C 3 H 3 − ͒, and 25 amu ͑C 2 H − ͒. In this notation ͑FN-H͒ − assigns the ͑closed shell͒ negative ion of furan, subjected to the loss of a neutral hydrogen atom. Figure 2 shows the yields of the three most abundant ions. The complete set of data is collected from the diploma thesis of Bald. 27 In electron transmission experiments, 28 Electronically excited states in FN involving the two highest occupied MOs ͑ 2 and 3 ͒ were identified at 5.80 and 6.04 eV ͑Ref. 29͒ and we therefore suggest that the DEA resonance is a core excited resonance associated with these electronically excited states. It has to be noted that in the excitation function of the C-H stretch vibration, a broad resonance feature was found 30 which was associated with a single particle * ͑C-H͒ resonance. Since the presently observed DEA feature is considerably narrower, however, we assume that it is a core excited two particle resonance associated with a → * transition. The decomposition products of this TNI are due to complex reactions involving multiple bond cleavage and also formation of new bonds. Only the 67 amu fragment creating the closed shell furanyl anion ͑FN-H͒ − is formed by the loss of a neutral hydrogen atom. HCCO − is known as a stable anion for which photoelectron spectra were recorded. 31 Its formation can be considered by the cleavage of a C-C and a C-O bond accompanied with hydrogen transfer. Accordingly, C 3 H 3 − ͑allenyl anion͒ is formed by cleavage of the C v C and a C-O bond thereby forming the HCO radical as neutral complement. C 3 H 3 − has been characterized in photoelectron spectroscopy 32, 33 having an electron binding energy near 0.9 eV. The C 2 H − anion, finally, is known as an appreciably stable compound with an electron binding energy of 2.97 eV, 34 corresponding to the electron affinity of C 2 H − . The molecule exhibits a second and comparatively broader resonance at higher energy possible composed of different electronic states. Since they are located above the ionization energy of FN ͓8.88 eV ͑Ref. 21͔͒ they may be viewed as core excited shape resonances involving Rydberg states.
Tetrahydrofuran "THF… "C 4 H 8 O, 72 amu…
This molecule has been considered as surrogate for deoxyribose in DNA. 1, 2 As can be seen from the count rates in Fig. 3 it is an extremely weak electron scavenger showing two resonances located at 1.25 and 7.6 eV. R-matrix calculation do not give evidence of one particle shape resonances but core excited resonances in the area between 6.5 and 8 eV, 1 which is the range where the product HCCO − is observed. H − has also been observed in electron stimulated desorption ͑ESD͒ from condensed THF, 2 but not in the present gas phase study, reflecting the particular sensitivity of ESD experiments in detecting light ions. From the low energy feature we find a signal at 70 amu due to anion subjected to the loss of two H atoms.
The very weak signal at 72 amu ͑distinctly above the detection limit and readily separable from the 70 amu signal͒ is due to the nondissociated THF radical anion. Such metastable parent anions are sometimes observed in larger polyatomic systems but usually at energies close to 0 eV, such as SF 6 − and other perfluorinated compounds. 26, [35] [36] [37] Only in C 60 ͑including the higher fullerenes͒ intact parent anions C 60 − can be observed up to electron energies extending 12 eV. 38, 39 The general understanding is that effective coupling with the vibrational degrees of freedom removes electronic energy thereby delaying autodetachment. Since the presently observed signal is distinctly above 0 eV and very weak we cannot exclude that it is generated via secondary processes ͑ion-molecule reactions͒. The ions at 162, 144, and 126 amu can be assigned to the loss of one, two, and three neutral water units, respectively. Stoichiometrically, the loss of two water units would also correspond to the loss of C 3 which is chemically very unreasonable. Accordingly, the assignment of the anionic fragments in Fig. 5 is not in every case unambiguous, but it follows reasonable decomposition pathways, some of which are very similar to those recently observed in ribose.
14 In this case isotope labeling ͑D, 13 C͒ enabled an unambiguous stoichiometric assignment.
Along that line we tentatively assign the product ions shown in Fig. 5 Formation of the fragment at 72 amu may equally be associated with the neutral channel CO 2 + 2CH 3 OH which is, however, energetically appreciably less favorable with respect to ͑7͒. The lightest ion along the series of fragments formed at very low energy appears at 45 amu which is either HCOO − or COOH − . Both anions exist in the gas phase and their potential energy surfaces ͑including that of the neutral systems͒ have been explored by photoelectron spectroscopy and ab initio calculations. [40] [41] [42] From that, it appears that the HCOO radical is less stable than COOH, while in the anionic system the configuration HCOO − is more stable having a binding energy for the excess electron ͑corresponding to the electron affinity of HCOO͒ of 3.51 eV. Irrespective of the structure, formation of the fragment anion at 45 amu represents the excision of a larger unit from FRU which may degrade the ring structure.
In contrast to these complex processes, the light anions OH − and H − can be formed by simple bond cleavage ͑even-tually leaving the rest of the fructose molecule unchanged͒. The energy threshold for such a reaction can be expressed by Eq. ͑3͒. For the typical bond dissociation energies D͑C-OH͒ = 4.5 eV and D͑O-H͒ = 5.0 eV and the known electron affinities EA ͑OH͒ = 1.83 eV and EA ͑H͒ = 0.75 eV, 21 the threshold for the appearance of OH − and H − becomes 2.77 and 3.25 eV, respectively. The O − ion, finally, must be expelled from the C-O-H unit. The energetically lowest pathway is expulsion of O − ion and concomitant formation of a new C-H bond. In methanol, such a reaction creates CH 4 having an energy threshold of 2.4 eV. 35 It is interesting to note that expulsion of the O − unit is more effective than the simple bond cleavage creating OH − and O − . These light ions show a more or less structured profile in the energy range above 5 eV. It is clear that the associated states of the precursor ion are of the core excited type. Since they all appear appreciably above the thermodynamic limit for a corresponding simple bond cleavage one can suppose that also the neutral complement is subjected to further decompositions.
In the H − spectrum we have included the H − background which is present under conditions when no sample is intro- duced or present in the UHV chamber. H − can be formed from many molecules such as water and hydrocarbons and hence even under UHV conditions there is always some H − background signal in the range of 50 counts s −1 ͑present in both the Berlin and Innsbruck apparatus͒.
CONCLUSIONS
The comparative study between FN, THF, and FRU demonstrates that that FRU is sensitive to the interaction of low energy electrons ͑subexcitation electrons͒, thereby undergoing a series of complex decomposition reactions leading to the degradation of the ring system. In contrast to that, FN and THF are comparatively weak electron scavengers undergoing DEA mainly via core excited resonances at appreciably higher energies. This directly shows that THF cannot be viewed as a model for the deoxyribose ring in DNA, at least not with respect to DEA at subexcitation energies. The present results on FRU support the picture that at low energies the deoxyribose ring itself plays an active role in the initial steps towards single strand breaks. At subexcitation energies, only single strand breaks are observed in plasmid DNA. 43 The situation is different at energies above 5 eV where electrons induce single and double strand breaks. 3 In that domain, the sugars only undergo DEA reactions generating the light fragments OH − , O − , and H − , and the DNA bases can in fact be viewed as active centers for the attachment of electrons with subsequent decompositions like the degradation of the ring structure 6 or the cleavage of the glycosidic N1-C1 bond as very recently demonstrated in DEA studies to thymidin, representing a thymin coupled to a deoxyribose unit. 44 The mechanisms of the low energy DEA reactions in fructose remain to be explored. The question is whether low lying * MOs are accessible in electron attachment and/or whether non-Born-Oppenheimer effects provide pathways for the anionic system to access the energetically low-lying DEA channels.
